INTRODUCTION
Wet milling is a process of separating kernel components (starch, gluten, and germ) to manufacture starch and other valuable protein and oil products. In this process steeping or soaking the kernels is the first and most important step. Steeping softens the kernels and facilitates easy separation of kernel components. Therefore, study of moisture movement into corn kernels is of great importance to corn wet millers. Typically, corn kernels are soaked in 50°C water for approximately 40 to 50 h to raise the kernel moisture content to about 45%.
In a corn kernel, starch granules within the endosperm cells are embedded in a protein matrix. The endosperm has two distinct regions, the outer hard endosperm and the inner soft endosperm. The hard endosperm contains small starch granules surrounded by a heavy protein matrix. The soft endosperm, however, contains relatively larger starch granules and a less dense protein matrix than the hard endosperm. For starch granules to be liberated, the surrounding protein matrix has to be broken down. Corn kernels imbibe water and swell to more than twice their original size when soaked in water. This softens the endosperm and releases soluble portions of the kernel to its surrounding. Even though soaking in water alone will lead to considerable softening and substantial separation of the kernel components. Addition of small amounts of sulfur dioxide (0.1%) has been found to significantly improve the efficiency of the steeping process (Cox et al., 1944) .
Current method of prolonged steeping (about 40 to 50 h) has several adverse effects such as leaching of recoverable nutrients from the kernel endosperm and overall reduction in productivity. Normal steep water contains about 7% solids which is about 50% protein (Berkhout, 1976) . A considerable amount of energy must be expended to capture the leached nutrients. Leaching is of particular concern in the case of stress-cracked or externally damaged corn which leads to a quality control problem while acquiring the corn for processing. For example, an upper limit of eight percent starch-cracked and 20% stress-cracked kernels is specified for food corn by Frito-Lay Inc. (1984) .
There have been several attempts to shorten the steeping time. Well dried corn kernels have been found to absorb moisture for up to about 96 h (Ituen et al., 1986) . However, the rate of moisture absorption levelsoff after about 50 h. Short steeping periods (less than 40 h) make efficient separation of starch very difficult; and longer steeping times (more than 96 h) yield starch of low viscosity (Berkhout, 1976) . Therefore, it is important that processing changes to cut the steeping time should not adversely affect the efficiency of separation and quality of starch obtained.
The most common method to shorten the steeping time is warm water soaking. The temperature of the soak water has a direct relationship to the hydration rate, i.e., an increase in soaking temperature results in a reduction in steeping time (Cox et al., 1944; Fan et al., 1962; Hsu et al., 1983 ) because of increased dispersion of protein at high temperatures. But high temperature may also result in excessive leaching of nutrients in the steep water and yield less recoverable starch.
Other techniques used to accelerate the hydration include: (a) short steeping periods interspersed between long air-rest periods (Palmer and Bathgate. 1976 ); (b) abrasion (sacrification) of the pericap (Palmer, 1974) ; and (c) degerminating between two steeping periods (Krochta et al., 1981) .
Application of pressure/vacuum has also been found to improve the rate of hydration. Weinecke et al. (1963) reported better results of hydration of corn under 1.25 to 6.25 kPa (5-to 25-in HjO) vacuum than at atmospheric pressure. In the case of dry beans of Phaseolus, Rockland and Metzler (1967) successfully employed a combination of chemicals in soak solution with intermittent vacuum treatment to reduce the soaking time prior to cooking. Pressure hydration of rice prior to parboiling has significantly reduced the soaking time (Velupillai and Verma, 1982; and Luh and Mickus, 1980 ) and the total operating cost due to increased production rate (Luh and Mickus, 1980) . This article presents the results of investigations on soaking corn kernels under pressures in the range of 10.5 to 70 MPa (1500 to 10000 psi) for 0.08 to 1.0 h (5 to 60 min). Merits of high-pressure soaking are discussed in relation to soaking under atmospheric conditions.
OBJECTIVE
The objective of this investigation was to determine the effects of combination of following factors on rate of hydration in corn kernels:
1. Soaking pressure 2. Soaking time 3. Air temperature used for initial drying of corn
PROCEDURE

Sample Preparation
Two corn genotypes, FRB27 x Mol7 and FRB27 x Va22, were used in this investigation. These corn genotypes were grown on the Agricultural Engineering Research Farm at the University of Illinois in the Fall of 1984. The corn was hand-picked at about 27% moisture content and then hand-shelled to avoid mechanical damage to the kernels. Four lots of shelled corn of each genotype were obtained. Using laboratory dryers, these corn samples were dried to a final moisture content of about 15% using air at 20, 35, 50, and 60°C. A constant airflow rate of about 2.0 mVmin/m^ of corn was used for all the drying tests. Further details of the drying procedure and the drying rates obtained are reported in Gunasekaran and Paulsen (1985) .
The samples were stored in a cold room (4°C, 58% RH). A week before the soaking tests, the samples were removed from the cold room and allowed to equilibrate to room conditions. Moisture contents of both corn genotypes determined according to the ASAE Standard S352.1 (ASAE, 1987) were 11.2% at the start of the soaking tests.
The samples of both genotypes dried at each of the four drying temperatures were divided into four equal sub-lots using a Gamet* precision divider. Three of these four sub-lots were used to draw 25-g samples from each to have triplicate of soaking tests at various soaking conditions.
Soaking Tests
An Autoclave Engineers' Isostatic Pressure unit (Model No. IP-2-22-60) was used for high-pressure soaking. This unit is capable of applying pressures in the range of 10 to 552 MPa (1400 to 80000 psi).
Corn samples were subjected to high pressures by placing them in a 0.05 m diameter polyethylene tubing filled with tap water at room temperature. The ends of the polyethylene tubings were clamped tightly using a Tipper Clipper (Tipper Tie Inc. Model No. D187) stapler. For each test, four samples each representing different drying temperatures were prepared. Then the individual samples were inserted into another long polyethylene tube (0.05 m diameter). This long tube consisting of several individual samples was placed in the pressure vessel of the high pressure unit. The outer polyethylene tubing was useful in keeping all the samples together as a string and for easy retrieval of the samples from the pressure vessel at the end of the soaking periods. Pressures and soaking times used were in the range of 10.5 to 70 MPa (1500 to 10000 psi) and 0.08 to 1.0 h (5 to 60 min), respectively. The high pressure tests were conducted in stages. Initially, the tests were conducted using only FRB27 X Mol7 corn at soaking pressures of 35 and 70 MPa for 0.25, 0.5, 0.75, and 1.0 h. Later, the tests were performed at 10.5, 21, and 35 MPa each for 0.08, 0.17, 0.25, and 0.5 h using samples of both FRB27 x Mol7 and FRB27 X Va22 corn.
At the end of the high-pressure treatment, the samples were drained, surface-blotted with paper towel, and weighed. The weight difference of each sample before and after soaking represents the moisture absorbed during the corresponding high-pressure soaking. After weighing, the samples were soaked again in water at atmospheric conditions for an additional 8 h. Weight gain during this atmospheric soaking was also determined periodically. These tests were conducted to determine the effect of initial high-pressure treatment on subsequent atmospheric hydration of corn. In addition, soaking tests were conducted for all samples at atmospheric conditions alone (without initial high-pressure treatment) to evaluate the relative advantages of the high-pressure soaking.
RESULTS AND DISCUSSION
High-Pressure Soaking
Water absorption data obtained from the soaking tests were used to determine the wet basis moisture content of each sample. Moisture content representation of the water absorption data is more general and independent of the sample size. Table 1 lists the moisture content of samples at the end of the high-pressure soaking tests conducted using only the samples of FRB27 x Mol7 corn at 35 and 70 MPa for 0.25, 0.5, 0.75, and 1.0 h.
In general kernel moisture content increased with increased soaking time and with increased drying air temperature. Analysis of variance statistics indicated that the above increases in water absorption were statistically significant (at 5% level) except for soaking times of 0.5 and 0.75 h and drying air temperatures of 20 and 35°C. However the differences in moisture absorption at 35 and 70 MPa were inconsistent (Table 1 ) and statistically not significant. Therefore, it was concluded that soaking at 70 MPa pressure did not offer any advantages and that pressures of 35 MPa or less would be more useful. Soaking times of over 0.5 h were also considered not useful because of the insignificant differences between moisture absorption for 0.5, 0.75, and 1.0 h of soaking. Further, to determine the effects of drying air temperature on hydration, only the samples dried with 20°C and 65°C air were considered. Therefore, subsequent soaking tests were performed at 10.5, 21, and 35 MPa each for 0.08, 0.17, 0.25, and 0.5 h using corn samples dried at 20°C and 65°C from both the varieties. The moisture contents of FRB27 x Va22 corn samples at the end of the new set of soaking conditions are presented in Table 2 . The results were similar to those obtained during initial tests at 35 and 70 MPa. That is: water absorption was independent of applied pressure; increased with increased soaking times; and increased for corn dried with higher temperature drying air.
Even though, pressures in the 10.5 to 70 MPa range did not significantly affect the hydration rate of corn, the moisture levels obtained after the brief soaking periods at all high pressure levels were several times higher than those obtained after soaking for the corresponding durations at atmospheric pressure. This suggests that high pressure soaking has an initial effect of driving the moisture into the kernel. As the kernels imbibe moisture, the starch granules start swelling in size. Since the swelling of starch granules is inhibited by the external pressure (Thevelein et al., 1981) there is a limit up to which the kernels can exhibit increased swelling under increased pressure. Apparently, the pressures (10.5 to 70 MPa) used in this investigation exceeded the limit. Therefore no significant increase in hydration was observed parallelling increases in the applied pressure. It is possible that pressures less than 10.5 MPa may have a more noticeable effect in terms of obtaining increased hydration under increased pressure. If pressures less than 10.5 MPa produced hydration comparable to that obtained at 10.5 MPa, high pressure hydration may become more practical and economical because lower pressures are safer and cheaper to work with than higher pressures.
Corn dried with 65 °C air absorbed signifiantly more water at all soaking times than corn dried with 20°C air. This may be due to the higher percentage of stresscracked kernels present in corn dried at high temperatures. Level of stress-cracked kernels present in all the corn samples used in this investigation is presented in Gunasekaran and Paulsen (1985) . The FRB27 x Va22 corn had 99% multiple stress cracks when dried at 65°C compared to 73% in FRB27 x Mol7 corn. This may explain the substantial increase in hydration of the sample dried at 65 °C over that of the sample dried at 20°C for the FRB27 x Va22 corn as compared to the smaller increases for FRB27 x Mol7 corn. Some of the differences in moisture absorption between the corn varieties may also be due to the relative pericarp thickness of the kernels.
Atmospheric Soaking
Moisture contents for FRB27 x Va22 corn samples soaked at atmospheric conditions are presented in Fig. 1 . This shows that moisture content of the samples increased exponentially with time. Similar observation was made with FRB27 x Mol7 corn. Therefore, a power law relationship was formulated as:
where M = moisture content, % wet basis T = time of soaking, h p,q = power law parameters The parameter "q" is the slope of the linear logarithmic plot. It has the units of percent moisture content per hour and hence is termed as the "hydration rate". Hydration rates indicate the rate of moisture entry into the kernel. Hydration ("q" values) are listed along with "p" values for all samples soaked at atmospheric conditions in Table 3 . Hydration rates increased with increases in drying air temperature. Based on these hydration rates, theoretical time required for samples at atmospheric pressure to reach the same moisture levels as those obtained under high pressure was computed and presented in Tables 4 and 5 . Values for soak-time ratios, defined as the soaking time under atmospheric pressure to reach the moisture content equivalent to that obtained under high pressure divided by the soaking time under high pressure, are also presented. It is evident that even a brief application of high pressure has the effect of several hours of atmospheric soaking. The soak-time ratios indicate a several fold increase in hydration during the initial periods under high pressure. Further, the moisture level increase is much larger for shorter periods of high-pressure soaking than for longer periods. Hydration rates are shown in Table 6 for samples soaked at atmospheric conditions after the initial highpressure soaking at 10.5 MPa. In general, hydration rates decreased as the duration of high-pressure application increased. A comparison between Tables 3  and 6 reveals that hydration rates were considerably higher for soaking at atmospheric conditions alone than when preceded with high-pressure soaking. This probably occurred because the atmospheric-soaking tests for corn previously soaked at high pressure started at a fairly high initial moisture content. The hydration rate of high-moisture corn is lower than that for low-moisture corn even at atmospheric conditions. It is also possible that the high-pressure treatment structurally inhibited the swelling of starch to some extent. That is probably why longer periods of high-pressure application resulted in lower hydration rates. It is necessary to verify if huge initial imbibition of water at high pressures would compensate for low hydration rates during subsequent atmospheric soaking. Table 7 presents the theoretical times required to reach 35, 40, and 45% moisture contents at atmospheric soaking and high-pressure-followed-by-atmospheric soaking. The moisture levels of 40 and 45% are typical of steeped corn for wet milling. It is clear that considerable shortening of total soaking times is possible if atmospheric soaking is preceded by high-pressure soaking for 0.08 h (5 min). Longer periods of high pressure do not shorten soaking time enough to justify such application. In fact, the trends show that prolonged high-pressure applications can delay complete soaking of corn compared to atmospheric soaking only. 2. The higher the drying air temperature used, the higher the hydration, both under high-pressure and at atmospheric soaking.
3. The longer the high-pressure soaking, the lower the hydration rates during subsequent atmospheric soaking.
4. Initial imbibition of water in corn kernels under high pressures is several folds that of imbibition of water at atmospheric pressure for the same duration.
5. Application of 10.5 MPa pressure for 0.08 h (5 min) can considerably shorten the soaking times required to reach moisture content levels 35% and more. Longer application of high pressure may prolong the total soaking time.
